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The observation of changes in the crystal structure at low temperatures plays very important roles 
in gaining a better understanding of mechanism of the phase transformation and stability of the 
phase as a ground state. For these purposes, two sets of 3He-4He dilution refrigerators with a top 
loading facility were installed at BL-3C, and 6Cr of the Photon Factory. The former is used 
exclusively for taking topographs from quantum crystals oft solid 3He and “He for studies of lattice 
defects. Typical examples of topographs, which indicate an annealing effect of solid helium which 
might be understood from a viewpoint of a quantum tunneling effect, are presented. The latter 
refrigerator is used for studies of crystalline solids by x-ray diffraction. A splitting of the Laue spots 
of Cs2NaHoC1, below 150 mK, giving evidence of a Jahn-Teller transition of the first kind, which 
is the lowest transition temperature ever detected, was observed as a new peculiarity of the phase 
transition at ultralow temperature. 0 1995 American Institute of Physics. 
1. INTRODUCTION 
Since the advent of synchrotron radiation (hereafter ab- 
breviated SR), its active use has been steadily promoted in 
not only many kinds of branches in science, but also in vari- 
ous kinds of experimental techniques under extreme condi- 
tions. Especially, below 1 K, cooled by a 3He-4He dilution 
refrigerator (DR), it became possible both to observe x-ray 
diffraction patterns for the determination of the crystal struc- 
ture and to understand any changes of the crystalline do- 
mains. For these studies, one of the two DRs (model 200NS) 
with a top loading facility (purchased from Oxford Instru- 
ment Inc. in the UK) was installed at experiment station 
BL-3C, at the Photon Factory (PF) for use in x-ray topo- 
graphic study of quantum solid helium. ‘The other was 
mainly used for x-ray diffraction studies of crystalline mate- 
rials at BL-GC,. 
II. DESCRIPTION OF THE INSTRUMENTS 
A. Basic design concept 
Generally, x-ray scattering facility comprises the follow- 
ing three parts: (1) The x-ray source part, (2) the irradiation 
and detection part, and (3) the control and data-processing 
part. As the x-ray source in PF, flux of 4-30 keV commonly 
in BL3C, and -6Cr from the bending magnet was used. The 
main part of this paper describes the characteristics of the 
irradiation and detection part, which comprises the cooling 
device of the DR set on a swivel table at BL3C, and on a 
three-circle low-temperature goniometer (LTG) as well as the 
detection devices at BL-BC,. 
As is welI known, the choice of the cooling device is 
closely correlated with the type of x-ray source and of the 
specimen (single crystal, polycrystal, powder specimen, 
crystal grown every time as for solid helium, etc.). Moreover, 
the thermal-conduction cooling mechanism requires techni- 
cally minimal interference between the incident and scattered 
x-ray beams as well as multiple thermal shields. In the de- 
sign of the size and configuration of the cryostat, rigid and 
vibration-free mounting of a specimen in it, as well as effi- 
cient use of the cryogen and simplicity of its operation, 
should be carefully considered. Especially, the easy produc- 
tion and control of a wide range of ultralow temperature 
(ULT) is practically useful for studies ofWLT x-ray diffrac- 
tion. 
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FIG. 1. Sectional whole view of the DR of the model 200 NS used at 
BL-3C, and BL-6C,. 
B. Cooling device 
At BL-3C2 the x-ray optics configuration with the DR is 
mounted on a swivel table, which has a fine up-and-down 
shift mechanism of the DR, an automatic beam-adjustment 
device and an automatic built-in x-ray topographic camera. A 
sectional view of the DRs with the top-loading facility in- 
stalled at BL-3Cs and -6C, is shown in Fig. 1. The DRs have 
a narrow tail with windows for x rays. Hence, the containers 
of the cryogenic fluids of nitrogen and helium, which can 
hold up to 40 and 34 /‘? respectively, are situated at the upper 
half of the cryostat, considering any interference of the opti- 
cal path. The liquid helium in the main bath (MB) could 
maintain continuous operation of the DR for three days. Its 
lower parts comprise four thermal shields with x-ray trans- 
mission windows, using aluminized mylar and vacuum-tight 
carbon fiber-reinforced plastic.3 The high-vacuum insulation 
jacket is partitioned into an outer vacuum can (OVC) and an 
inner vacuum can (IVC), with a vacuum-tight separation; the 
IVC charged by a small amount of N, or He heat exchange 
gas is used for precooling the dilution unit (DU) of the 
“He-“He mixture circulation. 
C. Remarks on the operation features of the DR for 
diff ractometry 
Mixtures of 3He and 4He isotopes could not form a ho- 
mogeneous solution below 0.83 K by phase separation and 
the solubility of 3He in 4He is limited to be smaller than a 
0.064 mol fraction at 0 K. However, it is possible to obtain 
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FIG. 2. Temperature changes of the sample holder by irradiation of white x  
rays of 0.65X0.25 m m ’, the maximum flux of which is about 3X10’ 
photons/s, 0.1% band width) at BL-6CI. 
cooling power by evaporating 3He from the concentrated 
phase into the dilute phase, since the enthalpies of 3He in the 
two phases are different. This process continues to work 
even at the lowest temperatures because the equilibrium con- 
centration of 3He in the dilute phase is still finite. 
The DR shown in Fig. 1 could be stepwisely cooled 
down to 4.2 K from room temperature by an established 
procedure. Thus, the 1 K pot of lo3 cm3 could be filled with 
helium by continuous transfer by adjustment of needle valve 
and pumped to below 10 mb. The 3He-4He mixture gas is 
allowed to condense into the still and the DU, and is then 
circulated by using booster and rotary pumps; the DR could 
be cooled down to its base temperature. In the DR, the ratio 
and the amount of 3He-4He mixture are controlled so that the 
phase boundary is located in the mixing chamber. 
The cooling power of the DR is directly proportional to 
the flow rate of 3He, which is primarily determined by the 
amount of heat by a built-in heater in the still maintained at 
a temperature of about 0.6. At this temperature, ‘He evapo- 
rated preferentially, since the vapor pressure of 3He is about 
100 times higher than that of 4He. The usual base tempera- 
tures in the experiment were more than 100 mK at BL-3C$ 
and 14 mK at BG6Cr. 
The temperature increase due to continuous irradiation 
by SR x rays was controlled using sheets of thin Al cooking 
foil as an attenuator shown in Fig. 2. The measured points 
were taken every 10 s. The results showed that a thicker Al 
attenuator effectively suppresses a temperature rise better 
than does a thinner one.4 Considering the spectrum of the 
x-ray flux, the temperature rise in BL-3C, might be similar to 
that given in Fig. 2, since the same type of bending magnet is 
used there. In order to suppress any additional temperature 
rise, Al plates from 1 to 4 mmt in steps of 1 mmt were used. 
In the case of 4 mmt Al, a good-quality photograph was 
taken using Polaroid film #57 (IS0 3000/36”) and an expo- 
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FIG. 3. Big sample cell with the o and x rotation limited to 520’. 
sure time of 10 min. Since the temperature changes lie in the 
noise level, an adjustment between the exposure time and 
thickness the attenuator is required in diffractometry at ul- 
tralow temperatures. (Here, suffix t indicates thick.) 
D. Sample cell and its goniometric control 
1. Sample cell and its positioning mechanism at 
BLSC, 
The sample cell to grow a helium single crystal might be 
used under a pressure of several tens of atm below 4 K in 
order to take x-ray topographs under various conditions. In 
this case, it should fulfill the following requirements: (1) It 
can resist up to at least 100 atm below 4 K, (2) incident and 
scattered x-ray beams can pass through with moderate at- 
tenuation, (3) a capillary tube of helium inflow and a ther- 
mometer should be fitted, and (4) the goniometric adjustment 
of the crystal position and orientation should be feasible to 
take Laue patterns. 
Single-crystal growth of helium was patiently prepared 
by in situ crystal growth at the time of each experiment by 
trial and error. Thus, a goniometric adjustment of the orien- 
tation of the crystal to the incident x rays is indispensable 
both to assign the Laue spots to the Miller indices and to take 
topographs of the same selected spots. Only the w and x 
rotation mechanism of the sample cell with a limit of IfI20” 
in each were established by modifying the top loading facil- 
ity as shown in Figs. 3,4(a), and 4(b). In Fig. 3, both ends of 
cylindrical sample cells made of Be in two sizes (10 
mm+X30 mmlX2 mmt and 20 mm+X30 mm/X2 mmr) 
with a pressure resistance up to 100 atm 0 were sealed by 
stainless-steel (Sus 27) flanges @  and @  with a thin In 
wire sealant, which were screwed to the other cylindrical 
jacket @  of Sus 27 to crush In wire. (Hereafter, suffixes 4 
and 1 indicate in diameter and long, respectively.) OFHC Cu 
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Sample cell and two-axis goniometer 
FIG. 4. The photographs of the whole view of sample cell. The upper 
photograph (a): The downstream side and the lower one, (b): The down- 
stream side. The labeled letters indicate as follows: A: Be cylinder, B: Cell 
supporter, C: Sealed flange (CuBe), D: Capillary tube for squeezed He, E: 
Lead wire for thermometer, and F: Thick heat conduction tube made of 
OFHC-cu. 
rods 0 7 and @  with a capillary in each center are the axis 
of the x rotation of the sample cell which are held by an Al 
supporter @  and @  with a surface treatment of Tufram 
and a brass flange @  . Each of the two capillaries is used 
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as an inlet of squeezed helium @ and four lead wires @ 
of the Matsushita carbon thermometer (50 fi,i W). The 
jacket @ has three windows that are similar in shape to a 
frustum of a right pyramid, which were used for the incident 
x rays, the forward scattering (2 0,--O”) and the downward 
one (2&-90”). It has a flat gear @ at one side for x 
rotation. All of the sample cell and its fittings are suspended 
by a thick heat conduction pipe of OFHC Cu @ , which is 
tightened through the heat conduction plate @ to the ther- 
mal contact plug @ by Cu mesh for ensuring heat conduc- 
tion, considering the poor thermal conduction of the thrust 
bearings of the x @ and w @ rotation mechanism. Both 
driver tubes are separable by an occlusion clutch positioned 
behveen the 1 K pot and the still. 
2. Sample holder and DR on fhe three-circle LTG at 
BL-GC, 
(b)Phase transition of Cs2NaHoC16. 
The DR at BL-6C, was set on the three circle LTG with 
o (t180°), 219 (t150”), and x (-20”-+35”). The drive of 
w is limited to 220” due to the configurational interference 
of the peripheral instruments of the DR. However, 20 and x 
rotations of the detector arm can be used for the SSD in 
energy-dispersive x-ray diffraction, and the x-ray TV camera 
in topography. 
PIG. 5. (a) Annealing effect of bee 3He observed by the Laue spot 110 at 0.3 
K with elapsed times of 920705-22:25, 92070523:15, and 920706-O&49. 
Beam size: 5.0 mmXl0 pm, -Al a;tenuator: none and exposure time: 15 s. 
(b) A splitting of Laue spot 422(844) by cooperative Jahn-Teller transition 
of Cs,NaHoCl, at 150 mK and giant hysteresis as a tirst kind phase transi- 
tion. 
The sample holder of a ladder structure with one big 
frame (7X5 mm’) and six small frames (7X2 mm’), together 
A splitting of the Laue spots of Cs2NaHoClb below 150 
mK, which is the lowest transition temperature ever detected, 
with the calibrated carbon thermometer, was made of OFHC was observed, giving evidence of a cooperative Jahn-Teller 
Cu so as to mount a single crystal and/or powdered speci- 
mens. Several kinds of samples can be successively mea- 
transition of the-first kind.” Figure 5(b) shows a splitting of 
Laue spot 422(844) below 150 mK with decreasing tempera- 
sured during a single run of an experiment, since a fine ad- ture and no return of the transition indicating a giant hyster- 
justment of the total vertical translation is feasible within esis at least up to 1 K with increasing temperature. Together 
220 mm. The exchange of a sample holder is possible by with the result of Schottky-type specific heat, the structural 
using the top loading facility, too, though one must be careful transformation of Ho-elpasolite at ultralow-temperature sug- 
not to be misaligned the sample holder to the beam. gests new anomalous transformation. 
III. EXPERIMENTAL RESULTS AND REMARKS 
Figure 5(a) shows topographs of body-centered-cubic 
(bee) 3He annealed at 0.3 K taken by white x rays. After 
annealing bee 3He for several hours at 0.3 K, fine patterns in 
a subboundary change remarkably with the annealing time. 
Such a change in hcp “He after annealing for several hours at 
0.5 K could not be easily discerned. This suggests that the 
motion at such a low temperature below 1 K might be pos- 
sible only by a tunneling motion from a position to the 
neighboring position separated by a potential barrier. In ad- 
dition the downward diffraction (2 tin= 90”) of Laue spots 
could not be observed as one of the peculiarities in solid 
helium.2 
920705-22:25,920705-23: 15,9;0706-08:49 
(alAnneal effect of solid SHe. 
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